Introduction
C ardiovascular diseases (CVD) are the main sources of disease burden worldwide, thus being a major public health problem. 1 Elevated blood pressure is considered the risk factor with the highest attributable fractions for CVD mortality being 40.6%. 2 The prevalence of elevated blood pressure (BP) is already high during adolescence 3 and some studies have shown that levels of BP in childhood and adolescence are crucial for developing hypertension in adulthood. [4] [5] [6] Though BP levels are influenced by several factors, i.e. genetics, intrauterine development, physical activity (PA), sedentary behavior, tobacco, total and abdominal obesity, dietary protein intake has also been observed to be associated with reduced BP in adults. 7 The underlying mechanism for a potential beneficial effect of protein and amino acids (AA) intake on BP has not been clarified yet. 8 Dietary protein intake or protein fractions could improve insulin sensitivity and thereby BP. 7 On the other hand, AA such as tyrosine and tryptophan could trigger a vasodilatory response in regions of the brain or blood vessel wall. 9, 10 However, the associations between AA and BP in adolescents are unclear.
Thus, we hypothesized that dietary protein and AA intake are negatively associated with levels of BP, and that the magnitude of the association is dependent of some individual [socioeconomic status (SES), lifestyle variables and anthropometrics variables] and contextual characteristics (city and seasonality) where the research was conducted. The hypothesis was tested among European adolescents participating in the Healthy Lifestyle in Europe by Nutrition in Adolescence (HELENA) cross-sectional study.
Methods
The HELENA study (n = 3528) aimed to obtain data from a sample of European adolescents on a broad battery of nutrition and healthrelated parameters. Data collection took place during 2006 and 2007 in 10 cities from nine European countries (Athens and Heraklion in Greece, Dortmund in Germany, Ghent in Belgium, Lille in France, Pécs in Hungary, Rome in Italy, Stockholm in Sweden, Vienna in Austria and Zaragoza in Spain). A detailed description of the HELENA sampling and recruitment methodology, data collection and quality control activities has been published elsewhere. 11, 12 After receiving complete information about the aims and methods of the study, all the parents/guardians signed a consent, and adolescents gave assent to participate in the study. The Human Research Review Committees of each center approved the study protocol. All participants were recruited through schools and met the general HELENA inclusion criteria: age range 12.5-17.5 years, not participating in another clinical trial at the same time, and being free of any acute infection lasting <1 week before the inclusion.
Heraklion and Pécs were excluded from the 24-h dietary recall (HDR) analyses because of lack of available information due to logistical reasons. Nevertheless, 2084 adolescents had complete dietary data. Additionally, BP was assessed in all the study subjects. Therefore, a total of 1605 adolescents from the HELENA study (12.5-17.5 years old; 833 girls) met all the inclusion criteria and were, therefore, included in the current analyses. We performed sensitivity analyzes in the sample by comparing the levels of BP among adolescents the 2084 who had complete dietary data, and the 1444 who did not have complete dietary data. We found no significant differences (P > 0.05) in both levels of BP in girls and boys (supplementary file).
Outcome

Blood pressure
BP measurements were performed following the recommendations for adolescent populations 13 and were taken twice after weight and height measurements. The subjects were seated in a separate, quiet room for 10 min with their backs leant and feet on the ground. Two BP readings were taken at a 10-min interval of quiet rest. The average of two measurements was used. Participants who had taken any medication during the previous week or 24 h were excluded from the analyses. The BP measurements were made concurrently with the dietary recall collections.
Systolic BP (SBP) and diastolic BP (DBP) were measured by using the arm BP oscillometric monitor device OMRON M6 (HEM 70001) as approved by the British Hypertension Society.
14 Data collection procedures have been described in before. 15 
Independent variables
A self-administered computer-based 24-HDR, HELENA-DIAT (Dietary Assessment Tool), was used for diet assessment. The software was based on the Young Adolescents' Nutrition Assessment on Computer (YANA-C) software which has been shown as an accurate tool to collect dietary data among adolescents. 16, 17 Adolescents registered all food and drinks consumed during the previous day according to six meal occasions during school time and assisted by fieldworkers. No data regarding Fridays and Saturdays were collected. Adolescents were asked to fill in the HELENA-DIAT twice on non-consecutive days and within a time span of 2 weeks.
Total protein and AA, including vegetal and animal protein intake were calculated using the German Food Code and Nutrition Date Base (Bundeslebensmittelschlussel, version II.3.1, 2005). The usual food and nutrients intake were estimated by the multiple source method. The method considers the between-and within-person variability of the dietary data. 18 In detail, the AA included in the analyses were alanine, arginine, asparaginic acid, cysteine, glutamic acid, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tryptophane, tyrosine and valine. AA and protein intakes were both estimated in grams per day (g/day).
Contextual variables
City. Athens in Greece, Dortmund in Germany, Ghent in Belgium, Lille in France, Rome in Italy, Stockholm in Sweden, Vienna in Austria and Zaragoza in Spain were the cities involved.
Seasonality. A variable was computed by recoding the original variable 'blood drawing date' into 'seasonality', as follows: winter (from 21 December to 20 March, coded as 1), autumn (from 21 September to 20 December, coded as 2), spring (from 21 March to 20 June, coded as 3) and summer (from 21 June to 20 September, coded as 4), as performed in previous studies. 19 As the HELENA study was performed during the academic year, only a few adolescents (n = 25) were assessed in the first days of summer. They were included along with those assessed during spring. Therefore, the final variable was composed of three groups: winter (coded as 1), autumn (coded as 2) and spring (coded as 3). 19 We computed a final score by summing the answers from all the questions (range, 0-8). The SES was classified into three levels: low, medium and high. This questionnaire was validated in adolescents by Currie et al. 22 Parental education. It was obtained by using a self-reported questionnaire, and was classified into four levels: lower education, lower secondary education, higher secondary education and university degree.
Potential individual confounders
Pubertal development stage. Tanner status was evaluated by a physical examination performed by a physician who visually assessed each adolescent and classified him/her into the appropriate Tanner stage in one of the f|ve stages of pubertal maturity def|ned by Tanner and Whitehouse. 23 The final variable was classified into three categories: pre-pubertal (stages 1 and 2), pubertal (stages 3 and 4) and post-pubertal (stage 5).
Age (years). It was calculated from the adolescents' birthday and medical examination day.
Body mass index. This was calculated as weight (kg)/height (m 2 ). The continuous variable of body mass index (BMI) was used in the analysis. The height was measured to the nearest 0.1 cm and the body weight to the nearest 0.1 kg, with a stadiometer and a calibrated portable digital scale, respectively (wearing light clothes and no shoes). 24 Waist circumference. It was measured at the midpoint between the lowest rib cage and the top of the iliac crest with a non-elastic tape to the nearest 0.1 cm. The intraobserver technical errors of measurement were between 0.53 and 1.75 cm for circumferences, and interobserver reliability for circumferences was >90%. 24 Physical activity: An uniaxial accelerometer (Actigraph GT1M) was used to assess PA for 7 days, as described previously. 25 At least 3 days of recording with a minimum of 8-h registration per day was set as an inclusion criterion. In this study, the interval of time (epoch) was set at 15 s. The cutoffs to def|ne the intensity categories are similar to those used in previous studies. 26 Active subjects were classified when they accumulated at least 60 min/day of moderate and vigorous PA according to PA recommendations. 27 Tobacco smoking. It was defined as the regular consumption of at least one cigarette per day for a minimum of 1 month. 28 Total energy and sodium intake. Energy intake was estimated in calories per day (kcal/day) and sodium intake as micrograms per day (mg/day) following the same methodology used to calculate AA and protein intakes.
Statistical analysis
The descriptive analyses were presented as means (quantitative variables) and percentages (qualitative variables) and confidence intervals 95% (95% CI). The means of BP levels were analyzed according to each independent variable.
We assessed the association between protein and AA intakes (independent variables) and continuous BP levels (outcomes) by using bivariate linear regression. The magnitude of these associations was subsequently expressed in unadjusted and adjusted -coefficients and their respective 95% CI. Multilevel linear regression models using mixed effects intercept were fitted to analyze the relationship between each BP level and independent variable. 29, 30 The context variable used was the school. Moreover, homoscedasticity was graphically assessed in all regression models to meet the criteria of this analysis.
We analyzed the associations by means of three separate models: (i) total protein intake, (ii) vegetal and animal protein intake and (iii) AA intake, but adopting the same theoretical model. Analyses were adjusted following a hierarchical model (figure 1) previously separated into six levels (the association of these levels not shown): (i) city, seasonality; (ii) parental education; age (years); (iii) BMI and waist circumference; pubertal development stage; (iv) PA and tobacco smoking; (v) total energy and sodium intake; (vi) AA intakes: Aliphatic side chains (alanine, glycine, isoleucine, leucine, valine), aromatic side chains (phenylalanine, tryptophane, tyrosine), basic side chains (arginine, histidine, lysine), acidic side chains (asparaginic acid, glutamic acid), hydroxyl side chains (serine, threonine), sulfur-containing side chains (cysteine, methionine), cyclic side chain (proline), or protein vegetal, protein animal and protein total. In this model, variables were controlled not only for those in the same level but also for these in the higher one.
31
P values 0.20 were adopted in the univariate analysis 31 (as necessary to include a variable in the multivariate analysis and, then, it was entered through the hierarchical model method following the levels above) or when there was more than 10% modification in of any variable already in the model. Significance were controlled for multiple testing by Bonferroni method (Bonferroni method, P < 0.05/number of tests; for protein for P 0.025; amino acids intakes P 0.003 for two-sided). 32 The statistical software package Stata version 12.0 (Stata Corp., College Station, TX, USA) was used for all statistical calculations.
Results
Main subject characteristics are shown in table 1. Boys had higher PA levels, waist circumference, histidine and leucine intakes and SBP than their female peers; however, girls presented higher DBP and tyrosine intakes. Table 2 presents the association between protein/AA intake and levels of BP in girls. The intakes of tryptophane (P = 0.002) and histidine (P = 0.001) were positively associated with SBP. A positive association was also found between methionine and DBP (P < 0.001), whereas an inverse association was observed for tyrosine with SBP (P < 0.01) and DBP (P = 0.021). Alanine intake was negatively associated with DBP (P = 0.001). Table 3 shows the associations between protein/AA intake and DBP in boys. Protein intake (animal, P = 0.022 and vegetable, P = 0.016) was associated with decrease of the DBP and histidine was associated with increase of the SBP (P < 0.001).
Discussion
In this study, we analyzed the association between protein and AA intake and BP levels in a large sample of European adolescents, and our main findings were (i) protein intake (animal, vegetable and total) was negatively associated with DBP in boys; (ii) in both sexes, histidine showed a positive association with SBP; and (iii) tyrosine intake was inversely associated with DBP among girls. From our knowledge, this is the first article analyzing these associations in adolescents; in addition, the observed results highlight the need to verify the role of protein/AA intake with BP, as available literature is scarce about this topic.
Existing differences in dietary patterns between boys and girls during adolescence 33 could explain the distinct associations observed between outcomes and exposures analyzed.
Protein intake (vegetal, animal and total) in boys was negatively associated with DBP. The potential role of diet protein content or the type of protein consumed on human BP is, however, unclear. Several observational studies 34, 35 and a recently published metaanalysis of randomized controlled trials 7 found that protein intake reduces BP levels in adults. This underlying mechanism could also occur in adolescents as proteins may provoke a slightly decrease in glucose and insulin; in fact, the hyperinsulinemic state has directly been associated with pathophysiology of hypertension. Another possible explanation is that protein has been associated with ion channels, which may indirectly influence the pathways of BP control. Furthermore, results from the INTERMAP study showed an inverse association between vegetal protein intake and BP in elderly people. 36 We also found such relationship but only among boys. These findings are of great interest because vegetable-rich diets are recommended as part of a healthy lifestyle to prevent chronic diseases as hypertension. Altorf-van der Kuil et al. 9 observed among adults that tyrosine intake was negatively associated with SBP, i.e. each gram of tyrosine decreased SBP in 2.4 mmHg. According to this, we also observed a negative association between tyrosine intake and DBP in girls. A plausible biological explanation is that tyrosine seems to increase expression of the dopamine D1 receptor, which may turn out in a decrease in cortisol blood concentrations and in a reduction of the sympathetic tone. 37 All these actions may contribute to reduce BP levels. These results were observed in animal models, for that reason, there is a need to verify whether these mechanisms also occur in humans.
The intake of tryptophane seems to increase SBP levels in girls. This may be explained by the fact that tryptophane increases serotonin turnover in the brain, and, consequently, in turn increases the enzymatic activity 5-HIAA/5-HT+5-HIAA, which raises sympathetic activity and, consequently, SBP levels. 38 In agreement to other studies, 10 we found a positive association between methionine intake and DBP also in girls. This might be explained by the fact that methionine is an important precursor of homocysteine, which is associated with an increase in BP by inhibition of nitric oxide formation. 39 Some studies found that histidine can help to control BP as it acts as a precursor of nitric oxide in brain vasomotor centers. 40 However, our findings consistently showed an inverse association between histidine and SBP in both sexes. Our results were different from those observed by Stamler et al. 41 who failed to find a significant association between histidine intake and BP levels in adults; however, they observed a positive association with glycine. This lack of agreement with other studies may be explained by differences in study methods and populations among others.
The multicenter design of our study and the diverse geographic origin of the sample, as well as the multilevel analysis conducted with a complete set of potential confounders, are some of the main strengths of this study. Nevertheless, the cross-sectional design of the study represents a limitation, as temporality and causality cannot be established. In addition, diet was assessed by a self-reported method which is subject to certain degree of measurement error. Dietary data were obtained by two non-consecutive 24-HDRs. Although more recall days would have been desirable, dietary information was corrected for within-and between-person to mitigate in part this limitation. 42 In addition, the applied 24-HDR has previously been shown as an appropriate method to accurately assess diet in European adolescents. 16, 17 Dietary recalls were not collected on Fridays and Saturdays due to logistical reasons. Previous findings suggest that energy intake tends to increase on weekends, and on Fridays; 43, 44 therefore, it would have been desirable to collect that information to take into consideration the apparent modification in dietary habits during weekends. Another limitation is that protein and AA serum concentrations were not assessed. Additionally, cultural differences in the preparation of foods as well as specific local conditions, i.e. varying soils and water content might have influenced the analyses; however, these possible differences were mitigated by conducting multilevel analyses.
Conclusions
Protein intake might help male adolescents to keep DBP within normal values independently of other risk factors, i.e. abdominal obesity/daily total calories intake/PA and sodium intake. Moreover, the association between AA and BP levels is controversial and depends on the AA intake per se. These findings are of great interest and should be taken into account when designing strategies aimed to prevent the onset of CVD and its related risk factors such as hypertension at this early and crucial period of life. More studies following a longitudinal design are needed to confirm these findings in adolescents.
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Key points
Protein intake might help male adolescents to keep diastolic blood pressure (DBP) within normal values independently of other risk factors, i.e. abdominal obesity/daily total calories intake/physical activity and sodium intake. The association between amino acid (AA) and BP levels is controversial and depends on the AA intake per se.
In both sexes, histidine showed a positive association with systolic blood pressure; tyrosine intake was inversely associated with DBP among girls. This study findings indicate protein intake had protective against development of high blood pressure and highlight the importance of the consumption of vegetable/animal proteins in programs aiming to promote healthy eating behavior. *This analysis was adjusted for potential confounders: city, seasonality, socioeconomic status, parental education, age (years), body mass index, waist circumference, physical activity, tobacco smoking, total energy and sodium intake. Significant associations are in bold.
